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Room temperature debonding and sliding of La-monazite coated fibers is assessed using

a composite with a polycrystalline alumina matrix and fibers of several different single

crystal (mullite, sapphire) and directionally solidified eutectic (AI203/Y3AIsO12 and

AIzO3/Y-ZrO2) compositions. These fibers provide a range of residual stresses and

interfacial roughnesses. Sliding occurred over a debond crack at the fiber-coating

interface when the sliding displacement and surface roughness were relatively small. At

large sliding displacements with relatively rough interfaces, the monazite coatings were

deformed extensively by fracture, dislocations and occasional twinning, whereas the

fibers were undamaged. Dense, fine-grained (10 nm) mierostructures suggestive of

dynamic recrystallization were also observed in the coatings. Frictional heating during

sliding is assessed. The possibility of low temperature recrystallization is discussed in

the light of the known resistance of monazite to radiation damage. The ability of La-

monazite to undergo plastic deformation relatively easily at low temperatures may be

enabling for its use as a composite interface.
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1. INTRODUCTION

Rare-earth orthophosphates (monazite and xenotime) are of interest for fiber-matrix

interphases that enable interfacial debonding and damage tolerance in oxide

composites.lt_ They are refractory materials (LaPO4 melting point 2070°C),_2 compatible

in high temperature oxidizing environments with many oxides that are either currently

available as reinforcing fibers or of interest for future development as fibers and matrices.

They are also relatively soft for such refractory materials (LaPO4 hardness 5GPa). I

Studies of several combinations of oxides and rare-earth phosphates (LaPO4-A1203,

LaPO4-ZrO2, CePO4-ZrO2, YPO4-A1203 and NdPO4-A1203) have shown that the oxide-

phosphate interfacial bond is sufficiently weak that debonding occurs whenever a crack

approaches an interface from within the phosphate. _ __-_5 The most detailed studies have

involved the LaPO4-A1203 system. Other studies have shown that debonding and sliding

occurs in fiber push-out tests with model composites consisting of LaPO4-coated single

crystal fibers of A1203 and Y3AIsO12 (YAG) in polycrystalline A1203 matrices. J_'

Damage-tolerant behavior in ceramic composites requires sliding and pullout of fibers in

addition to interfacial debonding. Recent calculations suggest that such pullout would be

strongly suppressed in fully dense oxide composites by misfit stresses generated during

sliding of fibers with rough interfaces or with minor fluctuations in diameter. _7 For given

strain mismatch, these misfit stresses are expected (assuming elastic accommodation) to

be larger in oxide interphase composites than in composites with turbostratic carbon or

boron nitride interphases which have low transverse elastic modulus. However, the

misfit stresses could potentially be reduced by plastic deformation of the interphase. The
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higher elastic modulus in oxide interphases also causes larger residual thermal stresses in

systems with matrix and fibers of different thermal expansion coefficients.

In this study, we investigate the debonding and sliding behavior of four La-monazite

coated fibers (single-crystal alumina and mullite, directionally solidified eutectics of

AI203/YAG and AI/O3/Y-ZrO2), chosen to provide different residual stress states and

interface topology. The coated fibers were surrounded with a matrix of polycrystalline

A1203. Debonding and sliding were assessed using indentation fracture and push-out

techniques. Damage in the coating, including plastic deformation, was identified by

scanning and transmission electron microscopy (SEM and TEM).

2. EXPERIMENTAL

Four different single crystal or directionally solidified eutectic oxide fibers, grown at

NASA Glenn by a laser-heated float zone technique, 18'19 were coated with LaPO4 by

dipping in a slurry of rhabdophane (hydrated LaPO4). The coated fibers were embedded

in m-alumina powder (Sumitomo AKP50) and hot pressed in graphite dies for 1 h at

1400°C. Uncoated fibers were included in the same specimen for reference. The fibers

were arranged in rows within the one hot-pressed disk, with separation between fibers - 2

mm, thus ensuring identical processing conditions for all fibers. In an earlier study, the

same rhabdophane slurry yielded pure La-monazite, with no excess La or P being

detectable either by EDS analysis of the monazite or by reaction of the monazite with

sapphire fibers after long-term heat treatment (200 h at 1600°C). _
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The fibers had different surface textures and thermal expansion coefficients, thus

allowing assessment of the effects of interfacial topology and residual stress on

debonding and sliding mechanisms. The fibers were as follows:

(1) Directionally solidified Al203/ZrO2 eutectic fibers with a two-phase microstructure of

alumina and cubic zirconia (stabilized with Y203)] ° Dimensions of the individual phases

were -0.5 lam. The starting composition of the feed rod was 60.8 mole % A1203; 39.2

mole % ZrO 2 (9.5 mole % Y203)) with purity levels 99.995 % or better. X-ray and

SEM/TEM analysis did not show any evidence for a third phase, indicating that all of the

Y203 was in solid solution in the ZrO2.

scale of the microstructure (Fig. l(a)).

The surfaces of the fibers were rough on the

The fiber diameters were -100 _tm with

fluctuations of-2 btm over lengths of-200 gm. Thermal mismatch during cooling of the

composite caused tensile radial stresses normal to the fiber surface (Table 1).

(2) Directionally solidified AlzO3/YAG eutectic fibers, -'_ with a two-phase microstructure

of dimensions -0.5 gm and surface roughness on the scale of the microstructure (Fig.

l(b)). The fiber diameters were -100 gm, with fluctuations of <1 jam over lengths of-1

mm. Thermal mismatch stresses were of the same sign as for the A1203/ZrO2 fibers but

were smaller in magnitude (Table 1).

(3) Mullite single-crystal fibers formed from a source rod of high purity (99.99%)

polycrystalline alumina powder (CERAC) and 99.99 % pure SiO2 (Alpha Products),

which gave 2:1 mullite as described in Ref. 19. In the as-grown condition the fibers had

smooth surfaces but relatively large fluctuations in diameter (50 _+5 gin, Fig. 1 (c)) with

period - 100 gm. Thermal mismatch caused large compressive radial stress in the
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coating and at the fiber-coating and coating-matrix interfaces, with tensile circumferential

stress in the coating and matrix (Table 1).

(4) Sapphire fibers, which had smooth surfaces (as-grown) and relatively uniform

diameter (100 + llam). These were included for comparison with previous studies of this

system. _3 All residual stresses except the circumferential (and axial) tension in the

coating are small.

TABLE 1 Representative* residual stresses in composites of monazite-coated fibers in

polycrystalline A1203 matrix. Stresses in MPa.

Stress component

Fiber

Sapphire Mullite A1203/YAG A1203/ZrO2

Radial (coating/fiber)

Radial (matrix/coating)

Circumferential (coating)

Axial (fiber)

15 -720 130 240

25 -630 140 240

300 420 290 280

7 -ll60 240 420

*Values in this table are intended only as rough guide for relative stresses. They were calculated using a
22

coaxial cylinder analysis, assuming a temperature change of AT = 1000°C, coating thickness 2 p.m, zero

volume fraction of fibers, and the following Young's moduli and thermal expansion coefficients (nominal

isotropic, temperature-independent values): polycrystalline A1203 (400 GPa, 8 x 10 "6 °C'l); sapphire (400

GPa, 8 x i0 6 °C'l); mullite (200 GPa, 4 x 10 .6 °Cl); A1203/ZrO2 (300 GPa, 9 x 10 .6 °C'l); and AI203/YAG

(350 GPa, 8.5 x 10 .6 °C1). 2'2_

The hot-pressed disk was cut into slices (thickness -0.3 to 2mm) normal to the fibers.

The surfaces of the slices were polished using diamond paste and some of the polished

slices were thermally etched. The thicker slices were used for indentation cracking

experiments, which involved placing Vickers indentations (10 kg load) in the
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polycrystalline alumina matrix near the fibers. The indenter was oriented so that one of

the median/radial cracks grew towards the fiber to test for interfacial debonding. The

thinner slices were used for fiber push-out experiments, which involved loading a flat

punch (truncated Vickers indenter) onto the end of each fiber while the slice was

supported in a fixture with a gap beneath the fiber. Some specimens were fractured after

the push-out test to separate the debonded interface. The indented and pushed out

specimens were examined by optical and scanning electron microscopy (SEM).

Specimens used for fiber push-out were also sectioned parallel and perpendicular to the

fiber axes and examined by TEM (Phillips CM20 FEG operating at 200kV) to allow

identification of damage within the LaPO4 coating caused by debonding and sliding.

Four A1203/YAG fibers were examined in the parallel section; one mullite and one

AlzO3/ZrO2 were examined in the axial section. The TEM foils were prepared by

impregnating the specimens with epoxy, tripod polishing to thickness of 10 p.m, followed

by ion milling (Gatan model 691 operating at 4.5 kV). 2''

3. RESULTS

3.1 Microstructural Observations

All of the coated fibers were surrounded with a continuous layer of LaPO4 and a fully

dense matrix of polycrystalline A1203. The coating thicknesses were nonuniform

(between - 1 _tm and 5 lam) and largest at the positions where the fiber surfaces were

parallel to the hot pressing direction. No reactions were observed between the LaPO4 and

any of the fibers. Occasionally an elongated La-magnetoplumbite (LaAlllO_9) grain was

observed along the coating-matrix interface. Despite the presence of substantial tensile
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residual stresses in all of the LaPO4 coatings (-300 to 400 MPa, table 1), no evidence of

cracking was detected by SEM examination of polished or thermally etched cross-

sections (although fine-scale through-thickness coating cracks were observed in thin

TEM foils of other similar composites). The grain sizes were - 0.5 to 1 _tm in the

monazite and - 2 to 10 lam in the alumina matrix.

3.2 Interfacial Debonding

The LaPO4 coatings protected all of the fibers from penetration of indentation cracks,

whereas uncoated fibers were always penetrated. Examples are shown for the

AI203/YAG, AI203/ZrO2 and mullite fibers in Figs. 2 to 4. The indentation cracks

generally extended from the matrix into the LaPO4 coatings then arrested and caused

debonding at the coating/fiber interface. In a few cases with the A1203/ZrO2 fibers

debonding occurred at both interfaces (matrix/coating and coating/fiber). The former

response was observed previously with coated sapphire fibers and was shown to be

consistent with the debond criterion of He and Hutchinson 27 and the measured fracture

toughnesses of the fibers, coating, and interface._ Although the fracture toughnesses of

the YAG/LaPO4 and mullite/LaPO4 interfaces have not been measured, the present

observations suggest that they are similar to that of the alumina/LaPO4 interface (-4.5

j/m2). It is noteworthy that the fibers were protected from cracking even when the contact

area of the Vickers indentation was close enough to the fiber to overlap the coating (Fig.

3(b)). In that case the residual stress from the indentation (compressive normal to the

interface, tensile on the prospective crack plane into the fiber) would tend to inhibit

debonding and favor fiber penetration.
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The interfacial roughnesses for both of the eutectic fibers were similar to the surface

roughnesses of the as-formed fibers, with amplitude -100-300 nm and period -500 nm

(Figs. 2(a) and 3(a)). This roughness amplitude is greater than that of the interfaces at the

single-crystal mullite and sapphire fibers. These initially smooth fibers developed cusps

during hot pressing where grain boundaries of the monazite coating intersected the fiber

surface. Measurements of the cusp profiles on sapphire fibers by atomic force

microscopy have been reported elsewhere. 2_> The cusp heights were typically - 50 nm

and the angular distortions of the surface were small (_< 20°). The cusps on the mullite

surfaces were very similar.

Some insight into the effect of interfacial roughness on fiber sliding and pullout can be

gained from the observations of Figs. 2 to 4. As the debond grows around the

circumference of the fiber, the loading on the crack tip due to the indentation stress field

is initially mostly shear (although the loading eventually changes to tension if the crack

grows sufficiently). Since fiber pullout also involves shear loading of a debond crack, the

initial region of growth of the deflected cracks in Figs. 2-4 should be representative of the

behavior during the corresponding stage of pullout.

In all cases, the initial debond crack followed the fiber-matrix interface, even when the

interface was rough. For the mullite fibers (Fig. 4) the sliding displacement of the

debond crack surfaces (-250 nm, i.e., opening displacement of initial indentation crack)

is smaller than the average spacing between the interfacial cusps (- 600 nm). Sliding

caused separation of the debonded surfaces to accommodate their misfit (Fig. 4(b)),

despite the constrained configuration with large residual compressive normal stress (-

700 MPa, Table 1). The misfit was apparently accommodated by elastic strains, with no

12/31/01 dbmOI I000 8



irreversible deformation of the mullite fiber or LaPO4 coating discernable by SEM. In

contrast, sliding of the eutectic fibers caused extensive damage in the LaPO4 coating (Fig.

2 (c)), without discernable damage in the fibers. The damage included cracks across the

full width of the coating, aligned at - 45 ° to the interface on planes of maximum tension,

similar to previous observations of cracking in layers of LaPO4 sandwiched between

polycrystalline A1203 I. More intense local damage is evident at individual asperities, as

in Fig. 2(c). The damage included cracking and fine lamellar features, which could be

cracks or twins.

3.3 Fiber Push-out

All of the fibers debonded during the push-out experiments. Sliding occurred unstably

over distances of- 5 to 10 _m at a critical load between 10 and 20 N. The average shear

stress (load divided by fiber surface area) at the critical load was 130 + 10 MPa for the

sapphire fiber, 200 + 20 MPa for the mullite fiber, 190 + 20 MPa for the A1203/YAG

fiber, and 255 ±30 MPa for the A1203/ZrO2 fiber.

Sliding of the sapphire fiber occurred at the fiber-coating interface, as reported

previously._ Grain boundary cusps were observed along the separated interfaces by SEM

and AFM, although no damage was visible in either the fiber or the coating.

AleOJYA G and Al2Oz/ZrO2 fibers

Extensive wear tracks were observed in the LaPO4 coating on both eutectic fibers,

indicating that sliding involved plastic deformation (Fig. 5). The plane of sliding was

mostly adjacent to the fiber-matrix interface, although smeared fragments of the LaPO4
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coating remained on the fiber surface. In some regions (such as Fig. 5) sliding occurred

near the matrix-coating interface.

TEM observations from a typical specimen containing a pushed-out A1203/YAG fiber are

shown in Figs. 6-8. Sliding occurred along a debond crack between the LaPO4 coating

and the fiber. In most regions a thin layer of the LaPO4 coating within - 100 to 300 nm

of the fiber was heavily deformed (Figs. 6-8). The intensity of deformation decreased

with distance from the debond crack, with regions more than -500 nm from the fiber

being undeformed. The AlzO3/YAG fiber was also undamaged.

Deformation in the LaPO4 consisted of tangled dislocations, lamellar features resembling

twins (Fig. 6), microcracks, and very fine crystallites of LaPO4 with diameter as small as

I0 nm (Fig. 6b). The density of dislocations varied from grain to grain and generally

decreased with distance from the debond crack. The fine crystallites were in regions

within -50-100 nm of the debond crack and were suggestive of a recrystallized

microstructure (Fig. 6-8). In one region there was no deformation on the monazite side

of the debond crack, but a thin layer of dense fine-grained (10 nm) monazite was smeared

on the fiber surface, again suggestive of recrystallization. In some areas this smeared

layer was overlain by a less dense, coarser grained (20 nm) agglomeration of angular

monazite particles, suggestive of cataclastic flow, a process involving repeated

microfracture and fine particle transport. 3° Similar features (intense deformation, fine

crystallites, and agglomerates of angular particles) were observed in monazite debris

(irregularly shaped balls, -100-500 nm diameter) in the debond crack.
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Sliding of the mullite fibersoccurredpredominantlyat the fiber-matrix interface. SEM

observationsof separatedinterfacesshowedplastic deformationof the LaPO4coating

wherethe varying fiber diametercausedcompressionof the coatingduring sliding, as

depictedin regionB of Fig. 9. (Note that thesliding displacementsaresmallerthan the

periodof the diameterfluctuationsandlarger than the spacingof cuspsassociatedwith

grainboundariesin theLaPO4coating.) Wheresliding causedtensionacrossthecoating-

fiber interface (region A in Fig. 9), the separatedinterface was similar to that of the

sapphirefiber, with grain-boundarycusps,cleanseparation,andnodamagein the fiberor

thecoating.

Direct correlationof thechangesin coating damagewith fiber diameterfluctuation by

TEM wasdifficult, becauseonly limitedareaswereobserved.Nevertheless,sometrends

are evident. Deformation was distributed, often non-uniformly, through the entire

coatingthickness(Figs. 10and 11),ratherthanbeinglocalizedin athin layer adjacentto

the fiber asfor theAlzO3/YAGfiber. In someplacesthe monaziteadjacentto the fiber

wasundeformed,while in othersplasticdeformationwasconfinedto an isolatedgrain

(Fig. 10). Theregionof Fig. 10wasthoughtto haveexperiencedtensionduringsliding

(as in RegionA, Fig. 9), althoughthecorrelationwith fiberdiameteris uncertainbecause

some of the fiber adjacent to the debond crack was removed during ion-milling.

Extensivemicrocrackingwasdistributedthroughoutthe coating,oftenat +/- -45 ° to the

fiber surface(Figs. 10and11).

In regionsof coating inferredto havebeencompressedduringsliding (as in regionB of

Fig. 9), almostthe entirecoatingwasmicrocrackedand plastically deformed(Fig. 1I).

Extensivedislocation plasticity was evident, with variations in density from grain to
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grain. Somegrains were twinned parallel to the fiber-matrix interface (Fig. 11), the

orientationof maximumshearstressdueto pushoutof the fiber. Microcracking at -45 °

to the fiber surface,was extensive,with crack spacingsas small as -50 nm and an

abundanceof planarsegmentsconsistentwith cleavageon (100), (010), and (001), as

reportedpreviously. 3_ There was some tendencyfor cracks oriented normal to the

maximum tensile stress(NW to SE in Fig.ll) to be longer and have greater opening

displacements than other cracks; however, the trends are subjective, and could have been

a sample preparation artifact.

4.0 DISCUSSION

4.1 Effects of residual stress

The residual stresses noted in Table 1 might be expected to influence interracial

debonding. Therefore, it is necessary to establish whether the fracture behavior in the

model experiments reported here is representative of that in real composites, given the

differences in residual stress states and crack orientations.

In the analysis of He et al, 32 the presence of residual stresses shifts the debond criterion

by an amount that depends on the parameters _p and _ld:

11p = Cypai/2/K, _]d = CYd al/2/K (1)

where ap and cyd are the residual stresses normal to potential crack paths along the

interface or into the fiber, K is the applied stress intensity factor for the incident crack,

and a is a defect size. For a crack approaching the fiber on a radial plane, as in the

indentation cracking experiments of Sect. 3.2, the residual stresses gp and _d (radial and
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hoopstressesat thefiber surface)areequal,sothedebondconditionis not affectedby the

residualstresses.

For cracksorientednormal to the fiberaxis (themostimportantcasefor a composite),Cyp

is theaxial stressin the fiber andcydis the radial stressat the fiber surface. The ratio of

the axial to the radial stressis -2 for all of the fibers (Table 1), both stressesbeing

compressivefor the mullite fibers and tensile for the others. Therefore, the residual

stressesshouldfavor debondingfor mullite fibersand fiberpenetrationfor both eutectic

fibers. However, this result is sensitiveto the volume fraction of fibers. For a fiber

volumefraction of 0.5, a typical valuefor structuralcomposites_,the magnitudesof the

axialstressesdecreaseby a factorof-2, to a levelsimilar to theradial stresses.Thenthe

residualstressesdo not affect the conditionfor debondingand observationsfrom cracks

orientedasin themodel indentationexperimentsarerepresentativeof transversecracking

in thecomposite. The additionalinfluenceof theresidualstressfield of the indentation,

which favors penetrationof the crack into the fiber, makesthe indentation crack a

conservativeindicatorfor debonding.

4.2 Effects of misfit stresses

Misfit stresses were generated during fiber sliding by roughness at two length scales, one

microstructural (grooves that form at intersections of grain boundaries in the monazite

coating or lamellae boundaries of the eutectic fibers with the fiber/coating interface), and

the other due to long-range fluctuations in fiber diameter (Fig. 1 and Table 2). Sliding

displacements in the push-out experiments exceeded the microstructural dimensions by a

factor of-5 to 10, but were smaller than the period of the diameter fluctuations by factors
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of-10 to 100. The microstructural roughnessdominated the

eutecticfibersandsapphirefibers (Table2).

misfit strains for the

For the mullite fibers, the superpositionof misfit strains due to thermal expansion

mismatch (Table 1) and diameter fluctuations(at the maximum sliding displacement)

would causecompressiveradial stressesashigh as5.2GPain someregionsandtension

in others. Sincethis maximumcompressivestressis higher thanthe hardnessof LaPO4

(5 GPal),plasticdeformationshouldoccurthroughoutthecoating,asobserved(Fig. 11).

TABLE 2. Misfit strainsandstresses

Fiber

Sapphire Mullite YAG/AI203 AlzO3/ZrO2

Fiberradius(Wp.m) 50 25 50 50

Microstructuralroughness
8r (lam) 0.05 0.05 0.2 0.2
Xr(_m) 2 2 1 1
8r/R 0.001 0.002 0.004 0.004
c_r(MPa)** -200 -300 -770 -730
Fiberdiameterfluctuation
AR (lain) 0.5 2.5 0.5 1

XR (tam) 500 100 1000 400

(AR/R) (_Zmax/_.R)* 0.0006 0.03 0.0003 0.0015

_R (MPa)** -120 -4500 -60 -270

* Zmaxis the maximum sliding displacement (- 10 p.m)
** Nominal radial misfit stresses intended only as rough guide for comparisons: stresses calculated as in
Table 1 but with radial misfit strains 8r/R and (AR/R) (rtz,,ax/XR),the latter being the maximum misfit strain
for sinusoidal diameter fluctuation.

For the other fibers the maximum radial mismatch due to fluctuations in fiber diameter is

of similar magnitude and opposite sign to the thermal expansion mismatch. Therefore,
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deformation of the coating should depend on the microstructural roughness (both the

roughness shape and the mismatch strain, 8r/R). The single crystal fibers clearly had

smaller microstructural mismatch strains (Sr/R < 0.002) than the eutectic fibers (Sr/R

0.004).

The only oxide fibers currently available commercially in quantities sufficient to

fabricate composites are polycrystalline, with grain size -50-100 nm and diameter -12

_,'_34
gm.-' The surface roughness due to grain boundary grooving in as-fabricated fibers is

typically very small (<5 nm for 3M Nextel 720TM). 3-_ However, the grooves would be

expected to grow during processing of the matrix to depths up to about half of the grain

size (-20-50 nm). Although this roughness amplitude is smaller than that of the eutectic

fibers, the mismatch strain is similar or larger (Sr/R -0.003-0.005). Therefore,

deformation of the coating might be expected if these fibers were to be embedded in a

matrix with stiffness similar to that used in this study. However, in a composite with a

porous matrix the response would be mitigated by the reduced constraint owing to the

lower elastic stiffness of the matrix.

The maximum temperature capability of oxide composites is limited by the stability of

currently available polycrystalline fibers. Directionally solidified eutectic fibers have the

potential to provide large increases in use temperature through their greater

• _0 _,6
microstructural stability, creep resistance, and strength retention. _ " However,

substantial development would be needed for economical production of fibers of smaller

diameter suitable for composite reinforcements.

4.3 Plastic deformation of LAP04
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It is clearfrom Figs. 5-8 that sliding of rough interfacesoverdistanceslargecompared

with the roughnesswavelengthcausesplastic deformation of the monazite coating.

Plastic deformationof monaziteby twinning and dislocationshasalso beenobserved

after quasi-static contact with spherical indenters at room temperature._37 Such

deformationcanoccur in any brittle material in the presenceof sufficient hydrostatic

pressureto suppressfracture.3s43 Sincemonazite,with a hardnessof 5 GPa,l is much

softer than alumina, zirconia, and mullite (hardnessesranging from 10 to 40 GPa),44

sliding of thesefibers is expectedto deformthemonazitewithout damagingthefibers.

Wearandabrasionof ceramicsareknownto causeintenseplasticdeformation,similar to

that in heavily cold workedmetals,with fine, heavilydeformedweardebrisas in Fig. 6-

8.43.45-_sThedepthof thedeformedzoneis expectedto besimilar to the dimensionsof

the sliding asperities,consistentwith the observationsof Figs. 6-8. (-500 nm depthof

monazitedeformationfrom sliding of AI203/YAG fiber with roughnessamplitude-200

nm and wavelength-1 gin). Mullite fibers, with largerroughnessamplitude (2.5 gm)

and wavelength (100 gm), deform the entire coating, rather than just a thin layer.

Abrasivewearof interfacesin acompositecanaffectthe fiber sliding resistanceandthus

themechanicalpropertiesof thecomposite,particularlyduring fatigue.4_'

Thepresenceof regionssuchasFig. 6 that resemblerecrystallizedgrainsis unexpected.

Recrystallizationnormallyoccursonly at sufficiently hightemperaturesandlongtimesto

allow dislocation climb._1_This would not be expected during room-temperature

deformationof a refractory materialsuchasLaPO4,and wasnot observedin indented

monazite.3t In alumina,which hassimilar meltingpoint, recoveryand recrystallization
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of cold worked microstructurestypically requirestemperaturesof at least800°C,45and

perhapsas high as 1200°C, for formation of stable grain structures.:_ This raises

questions of whether friction caused local heating or whether another mechanism such as

low temperature amorphization and recovery might be responsible for this

microstructure. The latter mechanism has been observed in wear and abrasion of two-

phase metals, as

Local heating effects

Several approaches, based on different assumptions about heat dissipation mechanisms,

may be taken to estimate limits on increases in local temperatures during sliding. If

deformation occurs quasi-statically and continuously, an upper (adiabatic) limit may be

obtained by assuming that all work done by sliding asperities is dissipated as heat within

the deformed zone (-200nm thickness in Fig. 6a). With further assumptions about the

uniformity of heat generation and the ratio of cross-sectional areas of the asperities and

the deformation zone, temperature rises between 800°C and 2000°C are obtained,

depending on whether analysis is performed for individual asperities or for an average

contact area (Appendix A). With the uncertainty in some parameters, these numbers

could vary by a factor of 2. Nevertheless, it is clear that large increases in temperature

might be expected under adiabatic conditions.

However, adiabatic heating requires a sliding velocity sufficiently large that conduction

of heat away from the deformation zone during sliding is negligible. Although the

sliding velocity was not measured, we can calculate a very conservative upper bound.

Comparison of the corresponding sliding time with an estimate of the time taken for heat
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dissipationby conduction(from standardtransientheatflow solutions)suggeststhat the

upper-boundsliding velocity is severalordersof magnitudesmaller than that required

for adiabaticheating(AppendixA).

• S2-_4
A similar conclusion is drawn from application of frictional sliding analyses, _ in

which the assumption is made that work done by frictional forces is dissipated as heat at

the interface between the sliding surfaces. Solutions for the interface temperature as a

function of the sliding velocity are then obtained from analysis of heat flow into the

materials on either side of the interface. Solutions are available at a macroscopic level

(average) and at an asperity contact level for transient and steady-state conditions

(Appendix A). In both cases, the calculated temperature increments for the upper-bound

sliding velocity in these experiments are small (- 0.5°C for the asperity calculation and

5°C for the average calculation).

These calculations indicate that significant increases in temperature could not have

occurred in these experiments if the assumptions of quasistatic, continuous deformation

were valid. Two mechanisms could conceivably invalidate these assumptions. One is

.-

stick slip motion, causing local sliding velocities significantly larger than the average. _'_

The local velocity would need to exceed the maximum upper-bound average velocity by

a factor of-100 in order to approach adiabatic conditions (Appendix A). This is

possible, since in theory local elastic unloading could cause local velocities approaching

sonic values. However, experiments and geological observations find less heating during

stick-slip than during stable sliding __ (reduction of normal stress by interface separation

waves being suggested as a cause).



The othermechanismis cataclasticflow-_°followed by plasticdeformationof thedebris.

Fine-grained(50 nm), angular,andporousmonazitedebrisdiagnosticof cataclasticflow

was observed in some regions (Figs. 6-8). The prevalence of cold-worked and

"recrystallized"deformationmicrostructuresalsovariedfrom placeto place,suggesting

therewasspatialand perhapstemporalvariation in the intensity of deformationand/or

local temperaturerisesduring the push-outexperiments. Local adiabaticheatingcould

occurduringcataclasticflow asa result of imperfectcontactbetweenthedebrisandthe

surroundings,leadingto reducedheatconductionto the surroundings,or by local stick-

slip motion of the angulardebriscausingrapid impactof sharpparticles. Fine-grained

debris(fault gouge) is itself suspectedto influence whetherstick-slip or stablesliding

occurs,with most observationspointing towardsinhibition of stick-slip by fine-grained

debris.3_' A progression from stick-slip to stable sliding as debris builds up during fiber

push-out displacement is possible, with a consequent change in local temperature rises.

Unfortunately, it is not straightforward to assess any of these effects quantitatively.

Annealing of radiation damage

Monazites are extremely resistant to amorphization by radiation damage, and are thus

ideal hosts for containment of actinide or transuranic elements. 5c''57 Natural monazites

with large concentrations of radioactive thorium and uranium are always found as

crystals rather than as an amorphous or metamict mineral. Studies using synthetic

monazite crystals show that this is due to the ability of monazite to recover readily from

displacive damage events at near-ambient temperatures. _s5'_
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In arecentstudy,"° radiationdamagein LaPO4andseveralrelatedABO4-typephosphates

andsilicateswasmonitoredasa function of temperaturein situ by TEM. Fundamental

differences in the amorphization and recrystallization kinetics between the

orthophosphates and silicates were observed. The critical temperature above which

amorphization could not be induced (i.e., recrystallization processes were faster than

damage accumulation) was only 35°C for LaPO4, but more that 700°C for zircon. This

difference was tentatively attributed to the higher stability of isolated PO4 tetrahedra than

isolated SiO4 units, with less bond breaking being required to crystallize the amorphous

structure.

Similar arguments might apply for recrystallization after intense mechanical deformation.

However, recrystallization of a material with high density of dislocations requires lattice

diffusion for dislocation climb. _° Crystallization after amorphization by radiation

damage does not involve such diffusion. Nevertheless, the resistance of monazite to

amorphization hints that solid-state processes in monazite are faster than those in many

other ceramics, such as alumina and zircon, at similar homologous temperatures.

Whether recrystallization of intensely cold-worked monazite might occur near room

temperature should be determined by independent measurements of nucleation,

recrystallization, grain growth, and diffusion.

5. SUMMARY AND CONCLUSIONS

La-monazite is compatible with mullite, YAG, ZrO 2 and AI203. The interfaces between

La-monazite and these materials are sufficiently weak to allow debonding when a crack

approaches the interface from within the monazite. This occurs even in the presence of

,_,_o, db_o,,ooo 20



substantialresidualcompressivestressesnormal to the interface,as in the caseof the

mullite fiber in analuminamatrix.

All of the monazite-coatedfibers (singlecrystal mullite, alumina,eutecticAI203/YAG

andeutecticAl203/ZrO 2 fibers) underwent sliding in single fiber push-out experiments.

Sliding occurred along a single interfacial debond when the displacements were small

and/or the fiber surfaces were relatively smooth. At larger displacements the eutectic

fibers, which had rougher interfaces than the single crystal mullite and alumina fibers,

caused extensive damage in the LaPO4 coating adjacent to the fiber. The mullite fibers,

which had smooth surfaces but large oscillations in diameter, caused deformation through

the entire thickness of the coating in regions of large misfit strain. Damage mechanisms

included fracture, dislocation plasticity, and occasional twinning. The fibers were

undamaged, as might be expected given their higher hardnessess. The relative softness of

La-monazite, resulting from its ability to deform plastically at low temperatures, may be

critical for its use as a composite interface.

TEM observations showed evidence suggesting that recrystallization may have occurred

within the intensely deformed monazite. Several analyses indicated that significant

frictional heating during sliding was unlikely unless stick-slip motion caused large

increases in local sliding velocities. The absence of significant heating would imply that

recrystallization of heavily deformed monazite is possible at room temperature, an

unusual behavior for such a refractory material. However, such behavior might be

consistent with observations of recrystallization from radiation damage in La-monazite at

much lower temperatures than in other minerals.
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Appendix A: Estimates of Heating due to fiber sliding

Several approaches, based on different assumptions about dissipation mechanisms, may

be taken to estimate limits on local temperature rises during fiber sliding. Some results

from these analyses are summarized below

Adiabatic sliding

If we assume that the work done by sliding friction is dissipated entirely by uniform

adiabatic heating in a zone of deformed monazite adjacent to the plane of sliding, the

temperature rise is:

AT = xs 8 / (O Co h), (A1)

where ts is the sliding friction stress, 8 is the sliding displacement, h is the thickness of

the deformation zone, and 9 and Cp are the density and specific heat of the monazite. For

the sliding experiment corresponding to Fig. 6, the measured parameters are: ts - 200

MPa, 8 = 5 _m and h - 0.2 lam. With 9 = 5 g/cm 3 and Cp = 500 J/kg.K, 6wEq. (A1) gives

AT = 2000°C.

An alternative estimate based on incremental sliding of individual asperities, as depicted

in Fig A1, gives the temperature rise:

AT = H Aa / (p Co Ab), (A2)

where H is the hardness of the monazite, Aa is the cross-sectional area of the asperity and

Ab is the cross-sectional area of the plastic deformation zone created by the asperity as it

slides (the sliding force acting on the asperity being set equal to H Aa). If we take H as

the room temperature hardness of monazite (-5 GPa) _ and Ab/Aa - 2 (from Fig. 6), Eq.

(A2) gives AT = 1000°C.

Both of these estimates are subject to considerable uncertainty (a factor of- 2) associated

with the parameters h and Aa/Ab as well as the assumption of uniform heating within the

zone. Nevertheless, they indicate that large local temperature rises could occur if the

sliding velocity is sufficiently large to cause adiabatic conditions.

Estimated sliding velocity and transient heating effects

The time in transient heat conduction problems always appears normalized by the

characteristic time, "c:('2

1: = 9 Cp d 2 / k, (A3)

where k is the thermal conductivity and d is a characteristic diffusion distance. In the

fiber sliding problem, d is the depth of the deformation zone and the conditions are close
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to adiabaticonly if the time, th, taken to heat the deformation zone is small compared
with "_. If we assume that heat is conducted only into the monazite (k - 2 W/m.K), 6_ "r is

10 -7 s for a zone of depth - 0.2 gm. The time th is given by th = t] / V, where _5is the

sliding distance and v is the sliding velocity.

Although the sliding velocity was not measured in the experiments described in section 2,

a very conservative upper bound may be estimated. The experiments involved loading

the indenter on the end of the fiber using a fixed weight lowered slowly (velocity less

than 10 "4 m/s) by a viscous dash-pot. When the interface debonded, the sliding fiber

accelerated unstably until the indenter contacted the matrix. The magnitude of the

acceleration was determined by the resultant force on the fiber (the difference between

the combined weight of the loading mass, indenter, and fiber and the opposing forces due

to sliding friction and the dash-pot). An upper bound for this acceleration,

corresponding to zero resistance from sliding and the dash-pot, is the gravitational

acceleration, g. This acceleration acting over the measured sliding displacement (- 5

_m) would result in a maximum velocity of 10 2 m/s. A less conservative overestimate

obtained by the assuming that the sliding friction remains constant during the test gives a

value smaller by a factor of 15.

With the upper-bound velocity of 10 -2 m/s and the sliding distance _ = 5 p.m for the

average analysis of Eq. (A1), the lower bound estimate for the heat input time is th - 5 x

10 -4 s. This is more than 3 orders of magnitude larger than the value of z estimated

above, indicating that adiabatic conditions are not approached. For the asperity sliding

analysis (Eq. (A2)), the relevant sliding distance is smaller (equal to the dimensions of

the asperity, - 0.5 lam) giving a smaller heat input time, although still far from adiabatic

conditions (th / z _ 102).

It is worth noting the role of asperity size in the above analysis. Since both d in Eq. (A3)

and the sliding distance _ that determines the sliding time (th) scale with the asperity size,

the ratio th / 'r increases with decreasing asperity size. Therefore, if the damage observed

in Fig. 6 was caused by sequential sliding of asperities of various sizes, the conditions for

the smaller asperities would have been further from adiabatic. Given the conservative

nature of these estimates it appears unlikely that large temperature increases could have

occurred in these experiments if sliding occurred uniformly.

Frictional sliding analyses

In the literature on frictional sliding the assumption is made that work done by frictional

forces is dissipated as heat at the interface between the sliding surfaces. 52-54 Solutions for

the interface temperature as a function of the sliding velocity are obtained from analysis
of heat flow into the materials either side of the interface. Solutions are available at a

macroscopic level (average) and at an asperity contact level for transient and steady state

conditions. These solutions can be written in the general form 54

AT = (Fs v / A) (kl/Cl + k2/{)2)"1, (A4)



whereAT is the differencebetweenthe interfacetemperatureandtheremotetemperature,
Fs is the sliding force, v the velocity, A the contact area, kl and k2 are the thermal

conductivities of materials 1 and 2 either side of the interface, and gl and g2 are functions

of the contact geometry, thermal diffusivities (ct) and the time over which the heat is

applied. A limitation of these models is that AT increases without limit as the sliding

velocity increases (i.e. as adiabatic conditions are approached), a consequence of the

assumption that the heat is dissipated at the interface rather than in a deformation zone of
finite volume.

For the analysis of sliding asperities, a convenient solution for g l and g2 is that of a

Gaussian heat source applied for a time t over a circular contact area of radius ro: 54

g = ro rt -in tan't(4 t fZ/ro2) I/2. (A5)

An upper bound for the sliding force on an asperity is given by taking the contact

pressure equal to the hardness of the monazite and a friction coefficient of unity, so that

Fs/A = H. For asperity contact times between the limits - ro/V and _5/v, the temperature

rise estimated from Eq. (A4) for a AlzO3/YAG asperity with r0 = 0.2 jam, c_ - 0.05 cm2/s,

k - 20 W/m.K, _'_ and other parameters as defined above is -0.5°C. An alternative

analysis based on the measured sliding force and uniform contact gave AT - 5°C.
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FIGURE CAPTIONS

1. SEM micrographs of fiber surfaces: (a) AI203/ZrO2 eutectic fiber, (b) A1203/YAG

eutectic fiber, and (c) mullite single crystal fiber.

2. SEM micrographs showing interactions of indentation cracks with AI203/YAG eutectic

fibers: (a) uncoated fiber in alumina matrix (indentation located below region shown); (b)

fiber coated with LaPO4 (indentation located out of field of view, as indicated in (d)); (c)

same fiber as in (b) but showing region further along the debonded interface (arrows

indicate magnitude of sliding displacement across debond crack); (d) schematic showing

locations of (b) and (c).

3. SEM micrographs showing interactions of indentation cracks with A1203/ZrO2 eutectic

fibers: (a) uncoated fiber in alumina matrix (indentation located below region shown); (b)

fiber coated with LaPO4 (indentation located at top of field of view).

4. SEM micrographs showing interaction of indentation crack with single-crystal mullite

fiber (coated with LaPO4, in alumina matrix): (a) intersection of indentation crack with

interface and debonding (indentation located above region shown); (b) same fiber as in

(a) but showing region further to the right along the debonded interface (arrows indicate

magnitude of sliding displacement across debond crack).

5. SEM micrographs showing AI203/ZrO2 eutectic fiber after push-out: (a) bottom of

push-out specimen (monazite-coated eutectic fiber, polycrystalline A1203 matrix); (b)

monazite layer remaining attached to fiber, showing deformation due to sliding.
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6 TEM micrographsfrom cross-sectionof monazite-coatedAI203/YAG fiber afterpush-

out. Monaziterecrystallizationalongthedebondcrack is evidentat high-magnification.

Heavily deformedmonazitedebris is evident betweenasperitieson the fiber surface

(intermediatemagnification).

7 TEM micrographof monazitesmearedonto A1203/YAGfiber surface. The layer

adjacentto the fiber is recrystallizedon a -10-20 nm scale.The layer over it hasmore

porous,coarse-grainedangularparticlesdiagnosticof cataclasticflow.

8 Intenseplastic deformationand fine- scalemicrocrackingin coatingon A1203/YAG

fiber. A heavily deformed ball of monazite (-100 nm diameter) is in the debond crack in

the lower right-hand corner of the high-magnification inset.

9. Schematic of fiber sliding for monazite-coated mullite fiber.

10 Monazite coating on mullite fiber: region that was thought to have experienced

tension during fiber sliding (as in Region A, Fig. 9). Monazite next to the fiber is mostly

undamaged, but entire coating is cracked. Compression increases towards the right side

of the micrograph.

11 Monazite coating on mullite fiber: region that was thought to have experienced

compression during fiber sliding (as in Region B, Fig. 9). The coating is heavily

deformed through the entire thickness, although with grain-to-grain variation. Large

cracks tend to run NW - SE.

A1. Schematic showing asperity sliding and associated deformation zone.
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YAG IA1203 (eutectic)AI2031 ZrO 2 (eutectic

(a)
(b)

• I

Mullite (single crystal)

(c)

Fig. 1. Scanning electron micrographs of fiber surfaces: (a) AI203/ZrO2 eutectic fiber, (b)
A1203/YAG eutectic fiber, and (c) mullite single crystal fiber.
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(a) (b)

j A

(d)
(c)

Fig. 2. SEM micrographs showing interaction of indentation cracks with YAG/AI203
eutectic fibers: (a) uncoated fiber in alumina matrix (indentation located below the region
shown); (b) fiber coated with LaPO4 (indentation located out of field of view, as
indicated in (d)); (c) same fiber as in (b) but showing region further along the debonded
interface (arrows indicate magnitude of sliding displacement across debond crack); (d)

schematic showing locations of (b) and (c).
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(a) (b)

Fig.3. SEM micrographs showing interactions of indentation cracks with A1203/ZrO2
eutectic fibers: (a) uncoated fiber in alumina matrix (indentation located below region
shown); (b) fiber coated with LaPO4 (indentation located at top of field of view).

(a)

(h)

Fig. 4. SEM micrographs showing interaction of indentation crack with single-crystal
mullite fiber (coated with LaPO4, in alumina matrix): (a) intersection of indentation
crack with interface and debonding (indentation located above region shown); (b) same
fiber as in (a) but showing region further to the right along the debonded interface
(arrows indicate magnitude of sliding displacement across debond crack).

12/31/01 dbmOt I000 3



(a) (b)

Fig. 5. SEM micrographs showing AI203/ZrO2 eutectic fiber after push-out: (a) bottom of
push-out specimen (monazite-coated eutectic fiber, polycrystalline A1203 matrix); (b)
monazite layer remaining attached to fiber, showing deformation due to sliding.

1. Schematic showing asperity sliding and associated deformation zone.
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200 nm

Fig. 6. TEM micrographs from cross-section of monazite-coated AI203/YAG fiber after
push-out. Monazite recrystallization along the debond crack is evident at high-
magnification. Heavily deformed monazite debris is evident between asperities on the
fiber surface (intermediate magnification).

12/31/01 dbm01 I000 |



Fig. 7 TEM micrograph of monazite Fig. 8. Intense plastic deformation and
smeared onto AI203/YAG fiber surface, fine- scale microcracking in coating on

The layer adjacent to the fiber is AI203/YAG fiber. A heavily deformed ball
of monazite (-100 nm diameter) is in the

recrystallized on a -10-20 nm scale. The debond crack in the lower right-hand
layer over it has more porous, coarse- corner of the high-magnification inset.
grained angular particles diagnostic of
cataclastic flow.
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Fig 9. Schematic of fiber sliding for monazite-coated mullite fiber.

Fig. 10 Monazite coating on mullite fiber: region that was thought to have experienced
tension during fiber sliding (as in Region A, Fig. 9). Monazite next to the fiber is mostly
undamaged, but entire coating is cracked. Compression increases towards the right side

of the micrograph.
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2 I_m PUSHOUT _ muihtefiber

Fig. 11 Monazite coating on mullite fiber: region that was thought to have experienced

compression during fiber sliding (as in Region B, Fig. 9). The coating is heavily
deformed through the entire thickness, although with grain-to-grain variation. Large
cracks tend to run NW - SE.
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Fig. A1. Schematic showing asperity sliding and associated deformation zone.
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